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Trans-splicingy heat-shock transcription factors (HSFs) undergo spatiotemporal-speciﬁc
alternative splicing. However, little is known about the spatiotemporal-speciﬁc splicing of HSFs in plants.
Previously, we reported that the alfalfa HSF gene MsHSF1 undergoes multiple alternative splicing events in
various tissues. Here, we identiﬁed another spliced transcript isoform, MsHSF1c, containing a 177-base
tandem repeat, and showed that the low-abundance MsHSF1c is a nodule-speciﬁc transcript of MsHSF1. We
also found that MsHSF1 presents multiple alleles with single-base variations and the expression of MsHSF1
alleles has allele-speciﬁc differences in alfalfa nodules. Because single-base variations at position 1006
change the AT of MsHSF1b to GT in MsHSF1b-3, creating a pair of donor/acceptor sites with the AG of
MsHSF1b/1b-1 at position 827–828 for pre-mRNA splicing, we suggest that MsHSF1c may be generated by
trans-splicing between alleles MsHSF1b-3 and MsHSF1b or MsHSF1b-1. These results provide new insight
into the role of tissue-speciﬁc contribution in the transcription of plant HSF genes.
© 2008 Elsevier Inc. All rights reserved.Plant heat-shock transcription factors (HSFs) have complex struc-
tures and speciﬁc functions. The known plant HSFs have been assigned
to three classes (A, B, and C) according to their unique structural
characteristics [1]. There are 21 HSFs in Arabidopsis thaliana, 23 in rice
(Oryza sativa), 34 in soybean (Glycine max), at least 18 in tomato
(Lycopersicon esculentum), andmanyother HSFs inmaize (Zeamays) and
other species [1–4]. Some of the genes encoding these HSFs undergo
tissue-speciﬁc expression, such as the seed-speciﬁcHSFA9 in sunﬂower
(Helianthus annuus) andArabidopsis [5,6], the root-speciﬁcAtHSFA6b [5],
and the pollen-speciﬁc AtHSFA5 (AtGenExpress microarray data: http://
www.arabidopsis.org/info/expression/ATGenExpress.jsp). These genes
have no known tissue-speciﬁc isoforms.
Many HSFs in nonplant species undergo spatiotemporal-speciﬁc
alternative splicing. Stage-speciﬁc alternative splicing of SmHSF occurs
in Schistosoma mansoni [7]. In vertebrates, HSF1 also undergoes
tissue-dependent alternative splicing [8]. One zHSF1 isoform is tissue
speciﬁc in zebraﬁsh (Danio rerio) [9]. Previously, we reported that
MsHSF1 undergoes alternative splicing in various alfalfa tissues [10].
To date, spatiotemporal-speciﬁc splicing of plant HSFs has not been
reported.
Trans-splicing is an important event formRNAmaturation inwhich
separate pre-mRNAs contribute sequences to the mature mRNA.
Spliced-leader (SL) trans-splicing was discovered in trypanosomes
and in nematodes (reviewed in [11]). In SL trans-splicing, a short (~15–l rights reserved.50 nt), capped 5′ noncoding mRNA as the leader sequence was joined
to the mRNA that codes for protein [11,12]. A second type of trans-
splicing is the “discontinuous group II intron” form of trans-splicing
found in plant chloroplasts and mitochondria (reviewed in [12]). This
type of trans-splicing was possibly generated through interactions
between “intronic” RNA pieces [12]. Mature mRNAs generated by
trans-splicing between separate nuclear-encoded pre-mRNAs from
protein-coding genes were found extensively in mammals and in
Drosophila [13–17]. Nuclear-encoded pre-mRNA trans-splicing in
plants has been reported only by Kawasaki et al. [18].
In this study, we identiﬁed the alfalfa nodule-speciﬁc transcript
MsHSF1c, which contains a 177-base tandem repeat. This kind of
tandem repeat may be generated by trans-splicing between alleles
MsHSF1b-3 and MsHSF1b or MsHSF1b-1, because the single-base
variations at position 1006 change the AT of MsHSF1b to GT in
MsHSF1b-3, creating a pair of donor/acceptor sites with the AG of
MsHSF1b/1b-1 at position 827–828. Our results enable further under-
standing of the transcription of plant genes encoding HSFs.
Results
Molecular characterization of MsHSF1c
Earlier, we reported that the transcript MsHSF1b (GenBank
Accession No. AY651249), composed of exon 1 and exon 4 of
MsHSF1, encodes a class-A1 HSF protein [10]. In this work, we
identiﬁed another cDNA clone, MsHSF1c, from alfalfa nodules
(GenBank Accession No. DQ907238). Sequence analysis showed that
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repeat and encodes a protein of 561 amino acid residues. At both the
nucleotide and the protein level, MsHSF1c shares 100% identity with
MsHSF1b, except for the tandem repeat (Fig. 1). Thus, the domain
structure of MsHSF1c is the same as that of MsHSF1b, and the two
proteins have the same DNA-binding domain (DBD), oligomerization
domain [carrying two adjacent hydrophobic heptad repeats (HR-A/B)],
nuclear localization signal (NLS), AHA motif (a peptide with aromatic
and hydrophobic amino acid residues in an acidic surrounding), and
nuclear export signal (NES). The 59-residue tandem repeat is located
between the NLS and the AHA (Fig. 1). Analysis of the tandem repeat
revealed that it contains 13 serine residues (22%). Using NetPhos 2.0Fig. 1. cDNA and deduced protein sequences of MsHSF1c. (A) A representation of the doma
regions are indicated. (B) The cDNA and deduced protein sequences ofMsHSF1c. The DBD, HR
bold single-underlined, dot-underlined, indicated by triangles, broken-underlined, and bol
point of TR is single-underlined. The region between the junction point and the termination o
junction point, and termination positions of TR, respectively.software [19], we predicted that 6 residues are the probable phos-
phorylation sites among these 13 residues. However, there are only
ﬁve likely phosphorylation sites throughout the whole nonrepeated
region (Fig. 2).
MsHSF1c is a natural transcript of MsHSF1
It is possible that MsHSF1c is encoded by another HSF gene that
contains the 177-nucleotide tandem repeat or that genomic DNA
contains two tandem-linking alleles that generate MsHSF1c by alter-
native splicing. To rule out these possibilities, genomic PCR was
performed with the primers TF1 and TR1 residing outside the tandemin structures of MsHSF1b and MsHSF1c. The domains, motifs, and tandem repeat (TR)
-A/B, 21 amino acid residues inserted into HR-A and HR-B, NLS, NES, and AHA are boxed,
d double-underlined, respectively. The region between the initiation and the junction
f TR is unequal double-underlined. Black, white, and gray arrowheads indicate initiation,
Fig. 2. Prediction of phosphorylation sites of MsHSF1c. Using the NetPhos 2.0 server (http://www.cbs.dtu.dk/services/NetPhos-2.0/), it was calculated that 17 serine residues (6 in the
TR region and 5 in the non-TR region) had a probability ≥95% of being phosphorylated.
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repeator the two tandem-linking alleleswerepresent, a product at least
518 bp long should have been obtained. However, only one band—
341 bp in length—was visualized (Fig. 3A, lane 1). Using the internal
primers GF1 and GR1, only one band without tandem repeats (299 bp)
was detected using the products of PCR (Fig. 3A, lane 1) and alfalfa
genomic DNA as the template (Fig. 3A, lanes 2 and 3). In addition, the
tandem-repeat sequence was not detected using the primers TF2 and
TR2 inside the 177-nucleotide repeat region. Thus, it is clear that there is
no genomic DNA sequence containing this tandem repeat in alfalfa.
Artifacts could be produced during cDNA synthesis and nested PCR
processing [13]. To rule out this possibility, reverse transcription (RT)-
PCR was carried out with cRNA transcribed in vitro from the cDNA
pool (see description of characteristics of MsHSF1 alleles below) with
the phage T7 promoter. The reaction conditions were identical to
those for isolating MsHSF1c. No tandem repeat product was detected
(Figs. 3B and C), which indicates that MsHSF1c is not an artifact.
Overall, we concluded that MsHSF1c is a natural transcript.
Characteristics of MsHSF1 alleles in Medicago sativa
The results described above suggested thatMsHSF1c containing the
tandem repeat is derived from a recombination event on the mRNA
level. To determine the possible mRNA molecules included in the
recombination event, multiple MsHSF1 cDNAs were cloned. Sequence
analysis of several MsHSF1 cDNAs showed that they were identical to
those ofMsHSF1b, apart from10 single-base variations. Direct sequenceFig. 3. The conﬁrmation ofMsHSF1c being a natural transcript ofMsHSF1. (A) Genomic PCR. La
TF1 and TR1. Lane 2, the only product (299 bp), without the tandem repeat, was detected by P
only product (299 bp) was detected by PCR using genomic DNA as template and internal prim
were detected by RT-PCR with cDNAs reverse transcribed from the cRNA made using the cDN
template. cRNA (B, lane 2) and double-distilled water (B, lane 3; C, lane 2) were used as thedetermination of RT-PCR products the same size as MsHSF1b (i.e., the
mini-cDNA pool containedMsHSF1b and was reverse transcribed from
the total RNAs of alfalfa nodules) also revealed 10 single-base variations
in the coding region (Figs. 4A and B). These cDNAs were denoted
MsHSF1b-1,MsHSF1b-2,MsHSF1b-3, andMsHSF1b-4 (GenBankAccession
Nos. DQ907234–DQ907237). Sequence analysis of the genomic DNA
clones MsHSF1g-1 (GenBank Accession No. DQ907239) and MsHSF1g-2
(GenBank Accession No. DQ907240) and one partial genomic DNA clone
of MsHSF1 also revealed these single-base variations (Figs. 4A and B).
Thus, at least eight distinctMsHSF1 alleles were present. Allele-speciﬁc
PCRof three single-base variations located at positions 20,195, and 1006
for MsHSF1b, MsHSF1b-1, MsHSF1b-2, MsHSF1b-3, and MsHSF1b-4
showed that the primer-corresponding band was speciﬁc or enhanced
(Fig. 4D). These allele-speciﬁc band patterns conﬁrmed the single-
nucleotide variations, which resulted in amino acid substitutions at
positions 20 (G/A), 74 (L/Q), and 1006 (M/V) of ﬁve allelic isoforms of
MsHSF1 (Fig. 4E). The simple estimation of allele frequency in nodules
by measuring allele peak heights [20] shows that the frequency of
MsHSF1b is b64%, the frequency ofMsHSF1b-1 andMsHSF1b-3 is b21%,
the frequency ofMsHSF1b-2 is b11%, and the frequency ofMsHSF1b-4 is
b9%. These data indicate that there are allele-speciﬁc differences in the
expression ofMsHSF1 in alfalfa nodules.
Southern blot hybridization analysis of MsHSF1 showed that there
are multiple hybridized bands (at least six bands in the EcoRI-digested
DNA lane and three bands in the HindIII-digested DNA lane) in the
tetraploid alfalfa but only one band in the diploid Medicago truncatula
(Fig. 4F). These results indicate thatMsHSF1hasmultiple distinct alleles.ne 1, the only product (341 bp), without the tandem repeat, was detected using primers
CR using the product in lane 1 as template and internal primers GF1 and GR1. Lane 3, the
ers GF1 and GR1. (B) RT-PCR with in vitro-transcribed templates forMsHSF1c. Products
A pool. (C) The only product (341 bp) was detected by PCR using the products in (B) as
controls.
Fig. 4. Characteristics of MsHSF1 alleles in the encoding region. (A) Eight single-base variations in exon 1. b, b1, b2, b3, b4, g-1, and g-2 refer to MsHSF1b, MsHSF1b-1, MsHSF1b-2,
MsHSF1b-3, MsHSF1b-4, MsHSF1g-1, and MsHSF1g-2, respectively. The black triangle indicates the initiation position of the DBD; the direct sequencing trace of the mini-cDNA pool
produced by RT-PCR is shown at the bottom. Sites of single-nucleotide variation are indicated by numbers and arrowheads. (B) Two single-base variations (positions 1006 and 1182)
in exon 4. g-3 is part of the genomic DNA sequence. (C) Parts of the cDNA sequencing traces ofMsHSF1b-2/-3/-4 andMsHSF1b/b-1. Arrowheads indicate the allele-speciﬁc nucleotides
(underlined) at position 1006. (D) Allele-speciﬁc PCR of b, b1, b2, b3, and b4. The last nucleotide sites of primers of SNP1/SNP2, SNP3/SNP4, and SNP5/SNP6 are positions 20, 195, and
1006, respectively. (E) Alignment of deduced allele cDNA protein sequences. The protein sequence of MsHSF1b and residues differing from MsHSF1b are shown. Dots indicate
residues that are identical with the MsHSF1b sequence. The nucleotide variation sites corresponding to single-residue variations of G-A, L-Q, and M-V are at positions 20, 74, and
1006, respectively. The arrowhead indicates the initiation position of the DBD. (F) Southern blot analyses ofM. sativa (Ms) andM. truncatula (Mt) genomic DNA. Genomic DNA (15 μg/
lane) was digested with EcoRI or HindIII, blotted, and probed with the nonconserved C terminus of MsHSF1b.
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Fig. 5. The expression analysis ofMsHSF1c in various alfalfa tissues. (A)MsHSF1c expressionwas detected mainly in nodules by RT-PCR with primers TF1 and TR1. (B) Conﬁrmation of
nodule-speciﬁc mRNA by RT-PCR with primers in the TR region. The positions of the forward primer (black arrowhead) and the reverse primer (gray arrowhead) are indicted.Msc27
was used as the internal control.
119Z. He et al. / Genomics 92 (2008) 115–121Comparative analysis of MsHSF1c and MsHSF1 sequences
Comparative analysis of sequences showed that only MsHSF1b and
MsHSF1b-3 have 100% identity with MsHSF1c at the region before the
tandem repeat region, and only MsHSF1b and MsHSF1b-1 have 100%
identity with MsHSF1c at the region after the tandem repeat region
(Figs. 1 and 4). We found that the single-base variations at position
1006 change theATofMsHSF1b/MsHSF1b-1 toGT inMsHSF1b-3 (Fig. 4C),
creating a pair of donor/acceptor sites with the AG of MsHSF1b/
MsHSF1b-1 at position827–828 forpre-mRNA splicing. Thus,we suggest
that MsHSF1c may be generated through trans-splicing between these
two pre-mRNAs (Fig. 6).
MsHSF1c is transcribed speciﬁcally in alfalfa nodules
RT-PCR with primers TF1 and TR1 was used to analyze the
expression ofMsHSF1c containing the tandem repeat in various alfalfa
tissues. After 35 cycles, a band of 518 bp carrying a 177-bp tandem
repeat was detectedmainly in nodules; however, a non-tandem repeat
(341 bp) was detected in all tissues (Fig. 5A). Another set of primers—
TF2 and TR2—was used to determine whether the results were caused
by nonspeciﬁcity of the primers. After 35 cycles, a single band of a 174-
bp tandem repeat was detected only in nodules (Fig. 5B). These results
indicate thatMsHSF1cmRNA is expressed speciﬁcally in alfalfa nodules.
Discussion
The results of Southern blot hybridization show that there is only a
single band in the diploid M. truncatula cv. Jemalong A17. This in-
dicates that, in principle, MsHSF1 exists as one copy in Jemalong A17,
and only two alleles may be present. There are at least three hy-
bridized bands for Algonquin (Fig. 4F), and if these bands represent
MsHSF1 copies, at least 12 alleles might be present. It is possible
that the numbers of MsHSF1 alleles correspond to the numbers of
hybridized bands. This possibility has been conﬁrmed for strawberry,
in which variations in the number of FaPGIP alleles between different
cultivars correspond to variations in the number of hybridized bands
[21,22]. Therefore, our results have shown most of the MsHSF1 alleles
in Algonquin.Fig. 6. Hypothetical model depicting interallelic trans-splicing. The alleles MsHSF1b-3 and M
by the spliceosome. During this process, the intron 1–exon 2–intron 2–exon 3–intron 3 ofMs
removed. Thus, tandem repeat MsHSF1c mRNA is generated. The consensus splice sites areThe characteristics ofMsHSF1 alleles indicate that there are distinct
alleles on the chromosomes of alfalfa. Irrespective of location,when two
distinct alleles are on one pair of chromosomes or different chromo-
somes, trans-splicing can occur between transcripts of the alleles
[13,17]. On the basis of the results presented here, we propose that the
most likely model for the generation of MsHSF1c is spliceosome-
mediated interallelic trans-splicing, which has been reported exten-
sively in animals [13,17,23–25]. In this model (Fig. 6), the alleles
MsHSF1b-3 and MsHSF1b or MsHSF1b-1 are transcribed separately to
pre-mRNA. In addition to the 5′- and 3′-intron consensus splice sites,
the GU (position 1006–1007) ofMsHSF1b-3 pre-mRNA is recognized as
the 5′ donor site by the spliceosome, and the AG (position 827–828) of
MsHSF1b orMsHSF1b-1 pre-mRNA is recognized as a cryptic 3′ acceptor
site. Exon1 and the 5′ end of exon4 ofMsHSF1b-3 and the 3′ endof exon
4 of MsHSF1b or MsHSF1b-1 are joined by the spliceosome, thus
generating tandem-repeat MsHSF1c mRNA. These two sites could be
recognized by the spliceosome for splicing in this model possibly
because they are located at the positions of introns in the ancient
MsHSF1gene according to the evolutionofplantHSF genes [1]. Recently,
Schulz-Raffelt et al. [26] showed that the Chlamydomonas reinhardtii
HSF1 gene has a genomic organization that is characteristic of the
ancient HSF genes, and Chlamydomonas HSF1 shares features with the
class-A HSF of higher plants. Two of the eight introns in the Chlamy-
domonas HSF1 gene are located in the region between that encoding the
NLS and that encoding the AHA [26]. The locations of these two introns
are similar to those of the two putative splice sites of MsHSF1. The
characteristics of Chlamydomonas HSF1 provide some support for our
speculation that the two putative splice sites ofMsHSF1might be at the
positions of introns in the ancient MsHSF1 gene.
Our results show that the transcript MsHSF1c is in low abundance.
The low frequency of mRNA processing is also consistent with trans-
splicing of the nuclear-encoded SPKmRNA in rice [18] and that of exon
repeats in animals [14–16]. Expression of theMsHSF1 alleles is subject to
allele-speciﬁc differences as found in other species, such as strawberry
[21], human [27], andmaize [28,29], and the frequency ofMsHSF1b-3 is
b21%. Thus, inefﬁcient expression of MsHSF1b-3 is probably the major
reason for the relatively low abundance of MsHSF1c. Therefore, our
model can explain the generation ofMsHSF1c and the low abundance of
this transcript.sHSF1b/-1 are transcribed separately from the pre-mRNA. These two mRNAs are joined
HSF1b-3 and the sequences between the GU inMsHSF1b-3 and the AG inMsHSF1b/-1 are
indicated by black arrowheads; exons are boxed.
Table 1
Primers and PCR conditions
Name Sequence (5′–3′) PCR cycles
Genomic DNA and cDNA cloning
F1 CCCCTTTTCTCCCTTCAAATTC 94 °C, 2 min, 35 cycles (94 °C, 30 s; 56 °C, 30 s; 68 °C, 5 or 2 min)
R1 AAAGCTTCTCGGTGAGCAAATG
F2 CATTCAAAAACAAGAATTCTCCG 94 °C, 2 min, 35 cycles (94 °C, 30 s; 56 °C, 30 s; 68 °C, 5 or 2 min)
R2 GGGTCAGGGATTACCTTGGA
GF1 GCAAAAGCAATGCTAAGGAAG 94 °C, 2 min, 40 cycles (94 °C, 30 s; 58 °C, 30 s; 68 °C, 3 min)
GR1 GTTCCATCCTTCATAACATTTGC
RT-PCR for tandem repeat transcript
TF1 TGAATGAAACAGCAAAAGCA 94 °C, 2 min, 35 cycles (94 °C, 30 s; 54 °C, 30 s; 68 °C, 1 or 3 min)
TR1 TTGAGAAGTCGGGATAGTCG
TF2 GGTTCCTCCATCTTCAGTGCAGTCT 94 °C, 2 min, 35 cycles (94 °C, 30 s; 60 °C, 30 s; 68 °C, 30 s or 3 min)
TR2 TGAAGAGTTACTCCCGAGTTCCAGC
Internal control
Msc27P1 GGAATGTTGTGGGAGGTTGA 94 °C, 2 min, 30 cycles (94 °C, 30 s; 58 °C, 30 s; 68 °C, 30 s)
Msc27P2 AAAGAATTGAAGGTCCTTGAGC
Allele-speciﬁc PCR (bases in bold are the mismatch bases for increasing the primer speciﬁcity [32]; underlined bases are the corresponding allele bases)
SNP1 GAAATGGATGGAGCAAGCGGCAG Primer combinations:
SNP2 GAAATGGATGGAGCAAGCGGCAC SNP1/SNP2 and SNP3/SNP4
SNP3 CGGCAAAAGGTCCCTAGCGAATTAG SNP1/SNP2 and SNP5/SNP6
SNP4 CGGCAAAAGGTCCCTAGCGAATTAA
SNP5 ATGTGTCCTTGAGTCCCTGTTGACGT 94 °C, 2 min, 30 cycles (94 °C, 30 s; 68 °C, 30 s; 68 °C, 30–63 s)
SNP6 ATGTGTCCTTGAGTCCCTGTTGACGC
Probe for Southern blot analysis
SPF1 TGAATGAAACAGCAAAAGCA 94 °C, 2 min, 35 cycles (94 °C, 30 s; 55 °C, 30 s; 68 °C, 1 min)
R2 GGGTCAGGGATTACCTTGGA
In vitro transcription [T7 (IPF1) and T3 (IPR1) promoter sequences are shown as italic letters]
IPF1 CCAAGCCTTCTAATACGACTCACTATAGGGAGACATTCAAAAACAAGAATTCTCCG 94 °C, 2 min, 4 cycles (94 °C, 1 min; 54 °C, 2 min; 68 °C, 3 min),
then 35 cycles (94 °C, 1 min; 65 °C, 1 min; 68 °C, 2 min)
IPR1 CAGAGATGCAATTAACCCTCACTAAAGGGAGAGGGTCAGGGATTACCTTGGA
120 Z. He et al. / Genomics 92 (2008) 115–121Because the expression of MsHSF1c is nodule-speciﬁc, MsHSF1c
maymake a contribution to nodule development and/or the symbiotic
ﬁxation of nitrogen. The activity of MsHSF1c may be related to phos-
phorylation due to the repeated serine-rich regionwithmultiple likely
phosphorylation sites (Fig. 2). Further study is necessary to under-
stand these areas.
Materials and methods
Plant materials
Growth conditions for alfalfa (M. sativa L. cv. Algonquin) andbarrelmedic (M. truncatula
cv. Jemalong A17) have been described [10]. Fifteen-day-old nodules, stems, leaves,
noninoculated roots, andmatureﬂowerswere collected. All plant tissueswere quick-frozen
in liquid nitrogen and stored at −70 °C.
Preparation of genomic DNA and cDNA, PCR ampliﬁcation, cloning, and sequencing
The preparation of genomic DNA and cDNA, PCR ampliﬁcation (part contents),
cloning, and sequencing have been described [10]. The sequences of primers and PCR
conditions are given in Table 1.
Primers F1 and R1 and internal primers F2 and R2 were used to isolate the genomic
DNA and cDNAs via nested PCR. Primers GF1 and GR1, TF1 and TR1, and TF2 and TR2
were used for PCR and RT-PCR. Forward primers (SNP1 and SNP2) and reverse primers
(SNP3, SNP4, SNP5, and SNP6) were used in different combinations to conﬁrm single-
nucleotide variations by allele-speciﬁc PCR.Msc27 [30] was used as the internal control
for RT-PCR with primers Msc27P1 and Msc27P2.
In vitro transcription
An in vitro transcription assay was performed, essentially as described by
Sambrook and Russell [31] but with modiﬁcations. Phage T7 promoter-allelic cDNA
fragments were obtained via PCR using the mini-cDNA pool (MsHSF1b and its allele
cDNAs) as the template and the primer pair IPF1 (containing T7 promoter)/IPR1.
Approximately 500 ng of puriﬁed PCR productwas transcribed to cRNA by 50 units of T7
RNA polymerase (Takara) at 37 °C for 1 h. The template cDNA was then digested with
DNase I (Takara), and cRNAwas puriﬁed. RT reactions with the primer R2 and PCR were
performed.Southern blot analysis
A 15-μg sample of genomic DNA was digested at 37 °C overnight with EcoRI or
HindIII (New England Biolabs). The digested DNA was subjected to electrophoresis in
0.8% agarose gel, then blotted onto a HybondN+ nylon membrane (Amersham), and
hybridized at 65 °C with a 32P-labeled MsHSF1b cDNA fragment containing a non-
conserved C-terminal region. The membrane was washed at 65 °C for 20 min with
buffer containing 0.5× SSC and 0.1% SDS and then exposed to X-ray ﬁlm at −70 °C. The
probe fragment was generated by PCR using primers SPF1 and R2.
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